Type 1 diabetes mellitus (T1DM) is associated with chronic complications that lead to high morbidity and mortality rates in young adults of productive age. Intensive insulin therapy has been able to reduce the likelihood of the development of chronic diabetes complications. However, this treatment is still associated with an increased incidence of hypoglycemia. In patients with "brittle T1DM" , who have severe hypoglycemia without adrenergic symptoms (hypoglycemia unawareness), islet transplantation may be a therapeutic option to restore both insulin secretion and hypoglycemic perception. The Edmonton group demonstrated that most patients who received islet infusions from more than one donor and were treated with steroid-free immunosuppressive drugs displayed a considerable decline in the initial insulin independence rates at eight years following the transplantation, but showed permanent C-peptide secretion, which facilitated glycemic control and protected patients against hypoglycemic episodes. Recently, data published by the Collaborative Islet Transplant Registry (CITR) has revealed that approximately 50% of the patients who undergo islet transplantation are insulin independent after a 3-year follow-up. Therefore, islet transplantation is able to successfully decrease plasma glucose and HbA1c levels, the occurrence of severe hypoglycemia, and improve patient quality of life. The goal of this paper was to review the human islet isolation and transplantation processes, and to describe the establishment of a human islet isolation laboratory at the Endocrine Division of the Hospital de Clínicas de Porto Alegre -Rio Grande do Sul, Brazil. Arch Endocrinol Metab. 2015;59(2):161-70
INTRODUCTION
T ype 1 diabetes mellitus (T1DM) is responsible for approximately 10% of all diabetes cases worldwide. This disease is caused by autoimmune destruction of pancreatic β cells, which leads to complete insulin deficiency and fates patients to require exogenous insulin to survive (1, 2) . Although significant advances in the treatment of T1DM have been seen in recent decades (3, 4) , this disease still leads to chronic complications, which are associated with high morbidity and mortality in individuals in a productive age (5) . Moreover, a number of T1DM patients present "brittle T1DM", which is characterized by unpredictable glycemic oscillations over short periods of time, with sudden episodes of hyperglycemia followed by severe hypoglycemia, which may evolve to convulsions, coma, and even death (6) . The "brittle T1DM" treatment still represents a major challenge for the clinicians, and there is no consensus indicating the optimal treatment for this condition. The replacement of β cells through wholepancreas or islet transplantation is the only manner to restore endogenous insulin secretion and the awareness of hypoglycemic symptoms and represents an appealing treatment option for these patients (7, 8) .
Whole-pancreas transplantation results in adequate glycemic control and is able to prevent diabetic chronic complications, being recommended for T1DM patients with end-stage kidney disease, at the same time as the kidney transplant or after it (9,10). Although, pan creas-transplanted patients show high rates of long-term survival, this procedure is usually not recommended to T1DM patients who do not require a kidney transplantation, since its morbidity and mortality rates are as high as those associated with other major surgical procedure (7, 9, 10) . In this context, allogeneic islet transplantation has become an interesting option for "brittle T1DM" patients, as it consists of a cell infusion procedure, which is not associated with major complications. This occurs because the islets are infused directly into the liver through the portal vein ( Figure 1 ) using interventional radiology techniques (7) . According to the Collaborative Islet Transplant Registry (CITR), the risk of peri-procedure complications associated with islet infusion is 20 times lower than that observed after whole-pancreas transplantation (11) .
Therefore, the aim of the present study was to review the current literature regarding pancreatic islet isolation and transplantation in T1DM patients as well as evaluate the current status of this procedure in the international health scenario. Furthermore, we also described the development of a laboratory for human pancreatic islet isolation in the Endocrine Division of the Hospital de Clínicas de Porto Alegre (HCPA; Porto Alegre, Brazil). Currently, this laboratory is equipped and technically prepared to begin islet transplantation in T1DM patients who underwent kidney transplantation.
HISTORICAL ASPECTS
Although pancreatic islet transplantation was first attempted in 1893 (12) , it was only in 1972 that Lacy and cols. (13) managed to reverse hyperglycemia in diabetic rodents through the infusion of healthy islets.
In the 1980s, the use of autologous islet transplantation in patients who underwent total pancreatectomy for untreatable pain as a result of chronic pancreatitis was reported (14) . These patients were able to maintain insulin independence for up to 13 years following the transplant (15) . Since these data were first published, the use of islet transplantation for the treatment of T1DM has been investigated by several researchers, who sought a possible cure for this condition.
Nevertheless, the first attempts at allogeneic pancreatic islet transplantation in humans did not produce promising results, leading to insulin independence rates of only 10% (16, 17) . Data obtained from the Islet Transplant Registry (ITR) revealed that a total of 493 islet transplantations were performed worldwide between the years 1893 and 2000, showing decreasing rates of insulin independence over the time following the transplant: 66% after 1 month, 40% after 1 year, 22% after 2 years, 11% after 3 years, 6% after 4 years and only 2% after 5 years (18) . Although semi-automated islet isolation was made possible in 1989 by the research group led by Dr. Camillo Ricordi, in Miami, USA (19) , it was only in the year 2000, after the creation of the Edmonton protocol, that islet transplantation began to achieve more promising results: an insulin independence rate of 100% was achieved after 1 year post transplant in seven patients with T1DM (20) . The improvement in achieving insulin-independence with this protocol was attributed to the following factors: use of corticoid-free immunosuppressive protocols (induction with daclizumab and maintenance with sirolimus and a low dose of tacrolimus), and multiple islet infusions from different donors, in order to increase the mass of transplanted islets (20) . In 2005, the same group published the results of a five-year follow-up of 65 patients Figure 1 . Infusion of human pancreatic islets into the portal vein of a recipient with type 1 diabetes mellitus. 
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Human pancreatic islet transplantation who had undergone islet transplantation. The mean duration of insulin independence was 15 months, with only 10% of patients remaining insulin-free for more than 5 years (21) . However, it is important to note that 80% of patients had partial graft function, with detectable C-peptide secretion, contributing to the improvement of glycemic control and to the reduction in the number of hypoglycemic episodes.
The Edmonton protocol was later replicated in a multicenter study organized by the Immune Tolerance Network, which involved 36 patients with T1DM from nine centers in the USA and Europe (22) . Only 13.8% of patients remained insulin-free after 2 years, although those who maintained partial graft function had a substantial improvement in metabolic control and significant lower rates of hypoglycemia (22) . Success rates varied widely between centers, so that those with greater experience in the area obtained the best results, with approximately 80% of patients maintaining insulin independence after one year (22) . These findings led to a new definition of the objectives and outcomes associated with islet transplantation. The main goal of islet transplantation is insulin independence and, therefore, procedures are considered completely successful whenever this outcome is achieved. However, when the transplant leads to improved glycemic control and to the reduction or elimination of severe hypoglycemic episodes, even if exogenous insulin use is still required in low doses, the procedure is considered partially successful. Individuals with partial graft function (defined by C-peptide levels > 0.5 ng/mL) maintained their glycemic control much better than those with total graft loss (absence of C-peptide secretion) (HbA1c: 6.7 vs. 9.0%, P = 0.025) and required significantly lower doses of insulin following the transplant than in the pre-transplant period (0.34 vs. 0.66 insulin units/kg/day, P = 0.001), as demonstrated in a fiveyear follow-up study (21) .
These encouraging results led to a significant increase in the number of islet transplantations performed in all existing research centers, and motivated the establishment of further transplantation centers around the world (http://citregistry.org). The CITR was also created in an attempt to monitor the progress of islet transplantation technology and to ensure greater safety in such procedures through the registration, analysis and publication of data regarding all islet transplantation performed in North America as well as in some European and Australian locations. A total of 76 centers conducted islet transplantation in the year 2005 (23) and, until May 2011, 730 patients had undergone such procedure (24) . A number of countries, such as Canada, Switzerland, Australia, Japan, England and Belgium, already consider islet transplantation to be an acceptable treatment option for patients with "brittle T1DM". In these countries, such procedure is covered by public and/or private health services (25, 26) . However, in many other countries, including USA, islet transplantation is still performed on an experimental basis (phase 3 clinical trials) (27) . In the USA, islet transplantation is expected to be approved as a treatment option for "brittle T1DM" in 2015, following the end of a large multicenter clinical trial, which is currently being evaluated by the Food and Drug Administration (FDA).
Islet transplantation has led to progressively better results over recent years. A recent CITR report assessed the outcomes of 677 patients who had undergone islet transplantations between the years 1999 and 2010. Patients were divided into three groups according to the period their surgeries were performed: "Early Era" (1999-2002), "Mid Era" (2003) (2004) (2005) (2006) and "Recent Era" (2007) (2008) (2009) (2010) . Five main outcomes were assessed: presence of C-peptide secretion, decrease in HbA1c levels, stable fasting glycemia, insulin independence and frequency of severe hypoglycemia (11) . Patients who underwent transplantations in the "Recent Era" had significantly better outcomes, and achieved an insulin independence rate of almost 50% three years after the transplant (11, 24) . This result may be attributed to the improvement of islet isolation and islet culture techniques, as well as to the improvement of immunosuppressive regimens, more careful patient selection and increased knowledge and understanding of β cell characteristics and requirements (11) . The latest data obtained for graft survival at 5 years after islet transplantation have shown a significant increase in insulin independence rate. In some studies, 70% of insulin independence has been achieved in 7 years of follow-up, so far (28) . These numbers are similar to those achieved with pancreas transplant alone in the same period (29) .
A search for open trials on the Clinical Trials website (www.clinicaltrials.gov), performed in January 2014 using the keyword "islet transplantation", identified 34 studies which are currently recruiting patients for such procedure. These studies include investigations of immunosuppressive drugs following allogeneic islet transplantation, the outcomes of encapsulated islet trans-plantations and the applicability of autologous islet transplantation in cases of total pancreatectomy. None of these investigations are currently being conducted in South America. At the time of writing this paper, the Islet Transplant Program at the University of Grenoble, France, is conducting the first randomized clinical trial to compare the outcomes of islet transplantation with those on standard clinical treatment for T1DM (TRIMECO, http://clinicaltrials.gov).
ISOLATION OF HUMAN PANCREATIC ISLETS
The process of islet isolation involves the extraction of insulin-producing cells from the pancreas, while preserving their structural and functional integrity (30) . Islet isolation methods have become increasingly sophisticated over the past three decades (7) and advances in this area are at least partly attributable to the use of a semi-automated method of controlled pancreatic digestion developed by Camillo Ricordi in 1989 (19) . Although this islet isolation protocol has been slightly modified over recent years, according to the experience of different transplantation groups, the basic steps of the procedure remain the same: cleaning the pancreas and cannulation of pancreatic ducts, enzymatic perfusion, distension and digestion of the pancreas, followed by islet dilution, purification and culture ( Figure 2 ) (31).
The process starts when the donated organ is received and assessed by an isolation team, and ends with the release of the isolated islets for transplantation or research by a quality control (QC) team. The first stage of the process is the cleaning of the pancreas, which consists in organ dissection and removal of the spleen, duodenum and any underlying fat. The next step consists of pancreatic distension and digestion, a process through which an enzyme which breaks up collagen chains (collagenase) is infused into the main pancreatic duct, leading to the disaggregation of the pancreatic tissue. The pancreas is then cut into 8 to 10 pieces and transferred to a Ricordi Chamber (19) containing 7-9 silicone beads and filled with collagenase solution for the digestion phase, which is facilitated by mechanical agitation. When islets are separated from the exocrine tissue and are not over-digested, large volumes of dilution solution are then added to the tissue to stop the digestion process. In the purification step, the islets are separated from the exocrine and ductal tissues through continuous or discontinuous density gradients using a COBE 2991 centrifuge. The goal of this step is to purify the islets that will be used in the transplant, throwing Figure 2 . Pancreatic islet isolation and transplantation from the donor to the recipient. Adapted from reference 31. 1 = sampling location for islet collection and for the monitoring of digested islets; 2 = chamber temperature monitoring probe (37°C); 3 = Ricordi Chamber with silicone beads, pancreatic tissue and collagenase solution; 4 = peristaltic pump to ensure the circulation of the solutions in the system; 5 = heating coil in a 50°C water bath. Human pancreatic islet transplantation away the remaining cells, so that only a small volume of tissue (10 mL maximum) will be infused into the portal vein, reducing the risk of portal vein hypertension and thrombosis (16) . After isolation, islets are cultured for up to three days (32) . The FDA has stated that, before allogeneic islet transplantation is approved as a treatment option for T1DM, the safety, purity, potency and efficacy of the islets must be assessed. For islets to be considered suitable for transplantation, the islet isolation and purification processes must be defined, validated, and proved to be able to generate consistently high-quality products (33) . Therefore, the last step in the isolation process consists of QC tests for purity, number of islet equivalents (IEQ -one IEQ corresponds to one islet with 150 μm diameter or greater), viability, cell functionality and sterility (34) .
Purity (the proportion of islets to other tissue types in the isolated material) is assessed throughout the stages of islet isolation and culture. Only the samples with purity > 50% can be approved for transplant. The IEQ is determined by the estimated diameter of islets. Transplantation is only possible if the IEQ is > 5000 IEQ/kg of the recipient's body weight, in a maximum volume of 5-10 mL (34). The viability of islets (number of live cells/total number of cells, including dead cells) is determined by the integrity of the cell membrane. This is assessed by staining tissue samples with two types of dye (fluorescein diacetate, which stains viable cells green, and propidium iodide, which stains damaged cells red), and examining the results in a fluorescent microscope (35) . The islet batch is considered adequate for transplantation if its viability is over 80%. Islet function is assessed by measuring the amount of insulin secreted after incubation with low and high concentrations of glucose and, then, calculating a stimulation index (SI) by dividing insulin concentration of the islet sample stimulated with high glucose by the insulin concentration of the islet sample stimulated with low glucose (20) . Functional islets must have a SI > 1. The sterility is assessed through aerobic and anaerobic bacterial cultures as well as mycoplasma and endotoxin tests (16, 34) .
ISLET TRANSPLANTATION AND THE CURRENT STATUS OF THIS PROCEDURE IN BRAZIL
Pancreatic islet transplantations have proved to be a safe and effective treatment option for patients with "brittle T1DM". However, the clinical applicability of islet transplantation in many health centers is limited by the complexity of islet isolation processes, the high cost (34, 36) and the scarcity of donor organs (37) . Since each transplant patient generally requires islets isolated from two to three donors in order to improve rates of insulin independence (37) , there is a significant interest in developing methods for isolating the greatest number of viable islets from the pancreas of each donor. However, this is a challenging process, which requires considerable experience with cell isolation procedures and an extensive knowledge of the factors which influence islet quantity and quality (38) .
The physical, chemical and mechanical impacts suffered by the islets during the isolation process might lead to fragmentation and damage of the β, α, δ and PP cells (39) , influencing the quantity and quality of available islets. In the past 6 years, an additional obstacle was introduced into islet isolation research, as the most effective collagenase used in pancreatic digestion (Liberase HI, Roche Pharmaceutics) was removed from the market due to the discovery of an association between the enzyme and an increased risk of spongiform encephalopathy transmission (40) . Other collagenases, such as Serva NB1 (Serva, Heidelberg, Germany), Liberase MTF (Roche, Indianapolis, USA) and Vitacyte (CIzyme HA, Indianapolis, USA) (37, (41) (42) (43) are promising alternatives for islet isolation (44) . However, studies that have sought to assess which enzyme would be the most adequate for pancreatic digestion have produced conflicting results (40, 42, (45) (46) (47) (48) . A metaanalysis conducted by our research group (49) found that all aforementioned enzymes lead to similar levels of islet quantity (IEQ/g pancreas) and quality (purity and viability); however, Vitacyte and Serva NB1 enzymes seem to be associated with an improved SI as compared with Liberase MTF.
Donor characteristics (age, gender, medical history, body mass index [BMI] , cause of death, use of vasopressor agents) and pancreas characteristics (size, fat content, duration of cold ischemia) may also influence the quality and quantity of the isolated islets (30, 50, 51) . Although organs donated by individuals with BMI > 25 kg/m 2 and/or age over 50 years tend to produce a greater number of islets, these islets do not always function adequately (50, 51) . The study by Sá and cols. (53) reinforced the importance of the donor BMI as a defining parameter for successful islet isolation and established this variable as a potential pancreas alloca-Arch Endocrinol Metab. 2015;59/2 tion criterion for pancreatic islet transplantation in Brazil. The duration of cold ischemia is also relevant to the islet isolation process, since increased cold ischemia time may damage the pancreatic tissue. Therefore, the type of solution used to preserve the pancreas and decrease the deleterious effects of hypoxia may have an important effect on transplant results (30) . Most isolation procedures involve the use of the UW (University of Wisconsin) solution, which contains electrolytes and other substances that contribute to cell integrity (30) . However, some studies have found that the combined use of UW solution and other substances with high oxygen affinity (two-layer perfluorocarbon method) led to improved pancreatic preservation (54, 55) , although these results were most pronounced in cases of prolonged cold ischemia (56) .
The effect of brain death (BD) on the pancreas may also influence the quality of the donated organ. A study conducted by our research group found that, in the case of BD donors, the pancreas appears to be damaged long before isolation, as evidenced by an increase in TNF levels in the organ (57) . Another recent study has also found that the organs of BD donors produce islets of lower quality when compared to those whose donors died of heart-related causes (51) .
As previously cited, one of the main limitations reported by most islet transplantation centers is a scarcity of BD donors (8) . In Brazil, a report issued by the Brazilian Organ Transplant Association noted that only 6.3% (n = 80) of the total number of pancreases donated (n = 1273) were used in the first semester of 2013 (58) . The remaining organs could have been used for islet isolation purposes, indicating an adequate supply of organs for islet transplantation in Brazil. In Brazil, there are two laboratories involved in islet isolation research, which, in the past, had also carried out islet transplants: the NUCEL (Nucleus of Cell and Molecular Therapy) in São Paulo, which is associated with the University of São Paulo (USP) and performed its first transplant in 2002 (59); and a laboratory in Curitiba (Paraná), associated with the PUC-Paraná University and the Pro-Kidney Foundation, which conducted one transplant in 2005 (60) .
Nevertheless, the high costs involved in islet isolation still place a burden on this process. In 2004, a French study evaluated the cost of islet transplantation from the time of organ removal until the transplant itself and its follow-up. The study found that islet isolation was the most expensive phase of the process, accounting for 30% of total transplant costs (36) . A similar situation has been reported in Brazil, where the reliance on imported isolation reagents may lead costs to rise even further (61) .
In light of these facts, a number of islet transplantation centers have focused on the development of different methods for islet isolation and, when possible, for the selection of organs that might be more adequate for transplantation and are more likely to produce positive results in terms of the quantity and quality of isolated islets and insulin independence in the long term (37, 57, 60) .
BRAZILIAN LEGISLATION
In the USA, the islet isolation process must follow the drug and biological product regulations issued by the FDA and the Public Health Service Act (62) . In Brazil, there is still no specific legislation to regulate islet transplantation. However, both the construction of the isolation laboratories as well as the islet isolation process must follow (63, 64) . RDC resolution number 9 divides cell therapy methods into two categories according to their purpose: autologous use and allogeneic cell manipulation. Islet transplantation procedures would be classified into the latter group.
ISLET TRANSPLANTATION IN PATIENTS WITH "BRITTLE T1DM"
Islet transplantation is generally recommended as a treatment option for patients with "brittle T1DM", which is defined by the presence of significant daily variations in capillary glycemia, typically higher than 200 mg/dL, which might lead to significant impairment in quality of life and/or the occurrence of severe hypoglycemia without adrenergic symptoms (6, 65) . In these patients, allogeneic islet transplantation tend to be performed in one of three ways depending on patient characteristics: 1) islet transplantation in non-uremic patients; 2) islet transplantation following kidney transplants in patients with end-stage kidney disease; and 3) simultaneous islet and kidney transplantations (66 To date, patients included in islet transplantation protocols have had the following characteristics: age between 18 and 65 years, T1DM for over 5 years with undetectable C-peptide concentrations, occurrence of severe recurrent hypoglycemia and progression of chronic complications associated with diabetes (30) . In the Immune Tolerance Network study (22) , the presence of untreated arterial disease, BMI > 26 kg/m 2 , the need for insulin doses > 0.7 UI/kg, HbA1c > 12%, creatinine > 1.5 mg/dL and/or albuminuria > 300 mg/24h, as well as the presence of infections or psychiatric diseases were considered exclusion criteria for transplantations.
In islet transplantations, as in pancreas transplants, the persistence or reappearance of anti-islet antibo dies has been found to be correlated with worse clinical outcomes and may be a key contributing factor to graft failure (67) . However, patient characteristics may also influence transplant outcome. Younger patients with higher HbA1c levels, clinical profiles suggestive of insulin resistance and higher lipid serum levels in the pretransplant period are at greater risk of early graft loss (68, 69) .
It is also important to note that the site of islet infusion used by most studies in the literature is the portal vein, which is not the most adequate place for cell infusion (70) . It is estimated that 50-70% of islets are destroyed in the period immediately following the transplant, given the unique characteristics of the liver and the damaging effect of immunosuppressive drugs on insulin secretion and islet viability (71) . Currently, other infusion sites and methods have been studied in an attempt to develop techniques that ensure a better engraftment of the islets. One example is the encapsulation, which allows for revascularization while sparing the islets from environmental damage (70) .
DEVELOPMENT OF A HUMAN ISLET ISOLATION LABORATORY IN THE HCPA
In 2010, a new laboratory for human islet isolation was established at the Endocrine Division of HCPA with the goal of isolating islets for: 1) developing experimental studies to assess ways of increasing the quality and quantity of isolated islets; 2) studying functional β cells in patients with different physiological and pathological features; and 3) performing islet transplantation in patients with "brittle T1DM". This center has conducted 28 human islet isolations and, in the near future, will begin a study of human islet transplantation in T1DM patients who had already undergone kidney transplantation.
This islet isolation laboratory takes up an area of 63.6 m 2 in the Endocrine Division (Figure 3 ). The laboratory was built between 2008 and 2010, and its construction process followed the guidelines established in RDC regulations (numbers 134 and 210) issued by Anvisa (63) , as well as recommendations provided by the islet transplantation team at the Diabetes Research Institute, University of Miami (EUA).
Positive internal pressure, use of air-conditioning with high efficiency particulated air (HEPA) filters, and restricted access policies in effect at the islet isolation laboratory are the same as those recommended for surgery rooms. The dressing room is kept at cleanliness Class 100.000 (up to 100.000 particles with a size of 0.5 microns or greater per m 3 of air), while the remainder of the lab is kept at Class 10.000. The laboratory contains a dressing room for changing into sterile garments, a hand-rubbing area, a separate internal location for islet isolation and culture, a reagent storage room, a cold chamber and a laboratory exit chamber. All furniture in the laboratory is made of stainless steel to facilitate cleaning and prevent contamination. The laboratory is surrounded by a Cell and Molecular Biology Laboratory, a glassware sterilization room, and the QC center for the isolated islets, which contains a fluorescent microscope and an ELISA (enzyme-linked immunosorbent assay) micro-plate reader.
The core of the islet isolation team consists of a nephrologist and a biologist, both of whom are HCPA employees who received training in international re ference centers. The nephrologist held her training in isolation of human, pig and mouse islets as well as in human islet transplantation at the Schulze Diabetes Institute (University of Minnesota, Minneapolis, EUA) for two years, while the biologist was trained in rat islet isolation and β cell functionality at the Laboratory of Experimental Medicine of the Free University of Brussels (Brussels, Belgium) for one year. The team also includes an endocrinologist, who was trained in human islet isolation as well as monitoring and treatment of transplanted patients at the Diabetes Research Institute of the University of Miami (Florida, EUA) for a period of one year. The islet isolation team is assisted by undergraduate students, masters' and PhD students, a technical support assistant and a post-doctoral fellow, all of whom received scholarships from national research support agencies. A research project entitled "Establishment of a Human Pancreatic Arch Endocrinol Metab. 2015;59/2
Islet Isolation Laboratory at the HCPA" was developed specifically for the purpose of constructing the laboratory and organizing an organ donation system. This project was approved by the Research Ethics Committee of HCPA (project number 08-131) and by the Transplant Center of the state of Rio Grande do Sul, Brazil. Any donated organs which are not used for whole-pancreas transplants or kidney-pancreas transplantation are used for islet isolation purposes once the donor's family signs an informed consent form provided by the Laboratory of Human Pancreatic Islet Biology. The surgical team responsible for organ removal is associated with the OPOS (Organ Procurement Organizations) of the Department of Health -Rio Grande do Sul. Cold room
